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ImmobilizationImmobilization on a structured substrate is a prerequisite for exploiting practical applications for graphene as
a catalytic support. Here we report that graphene oxide (GO) nanosheets can readily form a stable coating on
a cordierite honeycomb substrate without any need of stabilizers. FT-IR and 1H NMR characterization
revealed that GO nanosheets were probably immobilized on the cordierite surface by hydrogen bonding.
TEM analysis indicated that palladium particles loaded on the graphene/cordierite exhibited a uniform size
of less than 5 nm, which led to 4 times higher activity for styrene hydrogenation than that loaded on the
cordierite.
© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
Graphene nanosheets, due to its extraordinary two-dimensional
structure, large speciﬁc surface area and diverse surface functional
groups, are expected as a promising catalytic support [1,2]. Generally
graphene is produced by a method of chemical reduction of exfoliated
graphene oxide (GO) [3,4]. Pd and Pt nanoparticles supported on
graphene showed high activity in the catalytic reactions such as
alkyne hydrogenation [5] and methanol oxidation [6]. However,
graphene nanosheets suffer from the separation problem when they
are used in liquid or gas reactions because of the tiny size. Therefore
the prerequisite for exploiting practical applications for graphene as
catalytic support is the immobilization on a structured substrate.
Graphene nanosheets and polymers (or metal oxide nanoparticles)
can form various composites by covalent and non-covalent bonding.
Xu [7] demonstrated the covalently functionalized GO through the
coupling amine-functionalized porphyrin (TPP–NH2) and carboxyl-
ate groups. Liu [8] modiﬁed the surface of the silicon substrate
using perﬂuorophenylazide (PFPA) and immobilized graphene
nanosheets by a covalent bond. Liang [9] and Li [10] used the pillars
on a stamp to cut and exfoliate graphene islands from graphite and
then transferred graphene nanosheets to the silicon substrate by: +86 731 88879616.
hou).
.V. Open access under CC BY-NC-ND licenseultraviolet photolithography technique. Kong [11] deposited graphene
sheet on a quartz substrate by vacuum ﬁltration. However, the immobi-
lization of graphene nanosheets on a structured support, such asmono-
lithic cordierite [12,13], has not been reported.
In this study we demonstrate that GO nanosheets can be readily
immobilized on the surface of inner channels of cordierite via ultra-
sonic impregnation method without any stabilizer. Then palladium
nanoparticles were loaded and subsequently both GO coating and
palladium were reduced to obtain monolithic Pd/graphene/cordierite
catalyst, as shown in Fig. 1. The catalytic performance was evaluated
by styrene hydrogenation reaction.
2. Experimental
2.1. Catalyst preparation
Commercial cordierite honeycomb (2MgO·2Al2O3·5SiO2) with
size Φ47 × 11.5 mm and 400 holes/in.2 was treated in 10% nitric
acid at 130 °C for 2 h followed by washing with water and keeping
dry in the oven. GO nanosheets suspension in water was obtained
according to a modiﬁed Hummers method [14]. The cordierite was
immersed in the GO suspension with speciﬁc concentration by
ultrasound for 20 min, and then washed with water. The resulting
sample is denoted as GO/cordierite. Subsequently, the GO/cordierite
was immersed in a 0.01 M chlorine palladium acid solution by ultra-
sound for 20 min, and then dried at 60 °C for 6 h. Finally, the sample
was calcined in air at 350 °C for 2 h followed by reduction in potas-
sium borohydride (KBH4) solution. The resulting catalyst is denoted
as Pd/graphene/cordierite. For comparison, the palladium catalyst.
Fig. 1. Scheme of preparation of monolithic Pd/graphene/cordierite catalyst.
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the graphene/cordierite is prepared through reduction of GO/cordierite
by KBH4.
2.2. Characterization
The degree of graphitization of the graphene coating and surface
defects was measured by LabRAM Aramis UV Raman spectroscopy
(France). The morphology of cordierite before and after graphene
coating was examined using Japan Hitachi SU1510 scanning elec-
tron microscopy (SEM). The surface groups of cordierite before
and after coating graphene coating were determined by Fourier
Transform Infrared (FT-IR) spectroscopy measurement on a Nico-
let6700 infrared spectrometer (America). X-ray diffraction (XRD)
measurement of monolithic catalyst was carried out on a 3014-Z2
with a Cu Ka radiation and a scanning rate 5°/min (Japan). The
actual Pd loadings on monolithic catalysts were determined by in-
ductive graft plasma atomic emission spectrograph (ICP-AES) on
Perkin Elmer Optima5300 (America). The morphology and size of
palladium particles on monolithic catalysts were recorded by
transmission electron microscopy (TEM) on a JEOL JEM-2100
(Japan) operated at 200 kV. The Zeta potentials of graphene and
cordierite were investigated by Malvern ZEN3600 Zetasizer (UK)
[15]. Hydroxyl number of the surface of GO and cordierite was calcu-
lated using titration method [16]. The 1H MAS NMR spectra were
conducted on the Varian InﬁnityPlus-400 MHz instrument with a
4 mm MAS probe.
2.3. Reaction experiments
Catalytic performance of the monolithic catalysts was tested on
hydrogenation of styrene to ethylbenzene. The catalytic reaction
was carried out in a glass batch reactor with a magnetic stirrer at
25 °C. The monolithic catalysts was suspended in 100 mL ethanol
and pretreated in H2 ﬂow (30 mL/min) at 25 °C for 1 h. Then styrene
(1 mL) together with n-decane (0.1 mL), which was used as theinternal standard, was added. The reaction was allowed at 25 °C at
atmospheric pressure in H2 ﬂow under stirring. The reaction was
monitored by gas chromatographic (SHIMADZU 2010, column RTX-5
with inner diameter 0.25 mm, ﬁlm depth 0.25 μm and length 30 m)
analysis of the efﬂuents withdrawn from the reactor at every 10 min.
The absence of external diffusion limitations has been veriﬁed by
performing under different stirring rates.
3. Results and discussion
3.1. Characterization of graphene/cordierite and Pd/graphene/cordierite
catalysts
The GO nanosheets prepared by modiﬁed Hummers method are
observed to be well dispersed in water (shown in Fig. S1). The photos
and SEM images of cordierite and graphene/cordierite are shown in
Fig. 2. It is clear that graphene has been uniformly immobilized on
the outer surface and the inner channels of the cordierite. The SEM
images comparison indicates that the graphene coating is very thin
since the sintered particles on the surface of cordierite are still visible.
The immobilization of graphene on cordierite can also be veriﬁed by
Raman spectrum shown in Fig. S2.
The FT-IR spectra of cordierite, GO, GO/cordierite and graphene/
cordierite, are shown in Fig. 3. The FT-IR spectrum of the cordierite
is exhibited in Fig. 3(a). The peaks at 1179 cm−1 and 907 cm−1 visible
are attribute to Si\O\Si bending and stretching, respectively. The
peaks at 1626 cm−1 and 3384 cm−1 in Fig. 3(b) are attributed to the
stretching vibration of\OH groups in GO. And the peaks at 1735 cm−1,
1220 cm−1 and1049 cm−1 in Fig. 3(b) are attributed to the stretching vi-
bration of C_O, C\O\C and C\OH groups of carboxyl groups in GO, re-
spectively. Fig. 3(c) is the FT-IR spectrumofGO immobilized on cordierite.
Compared with Fig. 3(b), the peaks of \OH are shifted to the higher
number from 1625 cm−1, 3384 cm−1 to 1630 cm−1, 3397 cm−1,
which suggest that\OH groups on the GO surface interacted with the
\OH groups on the surface of cordierite. Furthermore, we can note
that the intensity of C_O group were greatly decreased because of
(b)(a)
(c) (d)
Fig. 2. Photos (a, b) and SEM images (c, d) of cordierite and graphene/cordierite.
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spectrum of graphene/cordierite is shown in Fig. 3(d). It can be seen
that the peaks of \OH and C_O groups almost disappeared. Mean-
while, the peaks at 1581 cm−1 and 1629 cm−1 attributed to -ph,
C_C, C_C groups are observed, which indicate that GO has been
converted to graphene.
In addition, to identify the interaction of GO and cordierite, 1H
MAS NMR spectra of cordierite, GO/cordierite and graphene/cordierite
after dehydration at 200 °C are collected and shown in Fig. S3. Two4000 3500 3000 2500 2000 1500 1000 500
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Fig. 3. FT-IR spectra of cordierite (a), GO (b), GOmajor proton signals, sharp one at about 1.9 ppm and broad one at
around 2.9 ppm can clearly be observed for the cordierite, which
could suggest the presence of two types of H species over the cordierite
support. It is observed that the intensity of signal at 2.9 ppm (broad
peak) is decreased when GO coating is formed at the surface of cordier-
ite. This could indicate that the H species at 2.9 ppm is possibly
consumed (maybe dehydration) because of the interaction of GO and
cordierite. More clearly, after reduction in KBH4 of GO/cordierite, the
signal at 2.9 ppm decreases further. It might reﬂect that more H species2000 1900 1800 1700 1600 1500
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101Y. Zhu et al. / Catalysis Communications 40 (2013) 98–102at 2.9 ppm are consumed due to the close combination of GO and
cordierite. At the same time the chemical shift of the sharp peak is
gradually shifted from 1.9 to 1.8, and ﬁnally to 1.7 ppm. Considering
the FT-IR result, it is rather likely that GO or graphene interacts
with cordierite by hydrogen bonding. The hydrogen bonding was
reported to be present in the GO-polymer composite by Yang [17]
and Chen [18].
To further verify the formation of hydrogen bonding between GO
and cordierite, the possible electrostatic interaction was eliminated
by determining the Zeta potentials of cordierite and GO. Results
(Fig. S4) show that both cordierite and GO are negatively charged.
And the negative potential is further enhanced when the cordierite
is treated by nitric acid.
In the XRD pattern of GO (shown in Fig. S5), the characteristic peak
of graphene oxide (2θ = 9°) can be clearly observed. When GO and
palladium nanoparticles are immobilized and reduced subsequently,
the XRD patterns of GO/cordierite and Pd/graphene/cordierite were
shown in Fig. S6. It can be seen that after calcination and reduction,
cordierite can still maintain its original crystal structure (indialite
hexagonal α-phase cordierite). GO nanosheets immobilized on cor-
dierite are converted to graphene when the catalyst is reduced by
KBH4 since the characteristic peaks of GO (2θ = 9°) disappeared.
This is consistent with the FT-IR results. Palladium characteristic
peaks cannot be observed in XRD pattern of Pd/graphene/cordierite,
which may be attributed to its high dispersion.
The TEM images of Pd/cordierite and Pd/graphene/cordierite
monolithic catalysts are shown in Fig. 4. Palladium particle sizes
range 5–20 nmwhen palladium particles are directly loaded on cordier-
ite as shown in Fig. 4(a). As a contrast, the sizes of most palladium
particles loaded on graphene/cordierite are less than 5 nm as shown in
Fig. 4(b). High-resolution TEM in Fig. 4(c) indicates Pd (111) crystal
plane (lattice spacing 0.227 nm).(a)
(c)
Fig. 4. TEM images of Pd/cordierite (a) and3.2. Styrene hydrogenation reaction of catalysts
According to reference [19] styrene hydrogenation intrinsic kinet-
ics coincides with zero order reaction law. The rate of the conversion
of styrene keeps constant in the entire reaction process, namely,
−rST ¼
dnST
dt
¼ k
The activities of Pd/cordierite and Pd/graphene/cordierite catalysts are
shown in Fig. 5. It is obvious that the introduction of graphene coating
signiﬁcantly improve the activity of palladium catalyst, although the
palladium loading is decreased a little. TEM images in previous text
also prove that the presence of graphene coating makes the palladium
particle size greatly reduced.
The stability of Pd/graphene/cordierite has been investigated by
repeating the hydrogenation reaction for 7 cycles (Fig. S7). It is clear
that the catalyst is almost stable after 3 cycles. The decrease of
activity may be attributed to the loss of Pd content caused by the
slight exfoliation of the graphene, which is identiﬁed by the ultravio-
let–visible (UV) absorption spectrum in Fig. S8.
4. Conclusions
It is feasible to immobilize GO nanosheets on cordierite honeycomb
substrate without any need of stabilizers. FT-IR and 1H NMR character-
ization revealed that GO nanosheets were probably immobilized on the
cordierite surface by hydrogen bonding. TEM analysis indicated that
palladium particles loaded on the graphene/cordierite exhibited a
uniform size of less than 5 nm, which led to a greatly increased activity
for styrene hydrogenation. This discovery has enabled us to develop a
facile approach to prepare monolithic graphene based catalyst.(b)
Pd/graphene/cordierite (b, c) catalysts.
Fig. 5. Styrene hydrogenation reaction curves of Pd/cordierite (a) and Pd/graphene/
cordierite (b) catalysts.
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